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Contribution of VH Gene Replacement
to the Primary B Cell Repertoire
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rearrangement, the RAG protein complex first nicks theSummary
RSS at the end of each heptamer to allow formation of
the coding end hairpin structure while leaving the signalVH replacement has been proposed as one way to
ends as double-stranded DNA breaks; hairpin formationmodify unwanted antibody specificities, but analysis
is the step controlled by the 12/23 rule (Gellert, 2002;of this mechanism has been limited without a dynamic
Brandt and Roth, 2002). The two coding end hairpinscellular model. We describe a human cell line that
are then opened (Ma et al., 2002) and joined to form thespontaneously undergoes serial VH gene replacement V region encoding exon (Gellert, 2002). The signal endsmediated by cryptic recombination signal sequences
are also ligated and in the case of deletional recombina-
(cRSS) located near the 3 end of VH genes. Recombi- tion, the intervening DNA forms an extrachromosomal
nation-activating gene products, RAG-1 and RAG-2,
circular molecule (Gellert, 2002; Brandt and Roth, 2002).
bind and cleave the cRSS to generate DNA deletion Immunoglobulin gene rearrangement proceeds in a
circles during the VH replacement process. A VH re- step-wise manner during early B lineage development.
placement contribution to normal repertoire develop- DH→JH rearrangement occurs before the VH→DH re-ment is revealed by the identification of VH replacement arrangement and these gene rearrangements precede
“footprints” in IgH sequences and double-stranded the VL→JL rearrangement in the light chain gene loci
DNA breaks at VH cRSS sites in immature B cells. Sur- (Burrows et al., 1979; Alt et al., 1984; Burrows and Coo-
prisingly, the residual 3 sequences of replaced VH per, 1997; Bassing et al., 2002). The expression of a
genes contribute charged amino acids to the CDR3 functional  heavy chain generated through VDJ recom-
region, a hallmark of autoreactive antibodies. bination is a prerequisite for further development along
the B lineage pathway (Rajewsky, 1996). Due to the
Introduction imprecise processing of the coding ends, two-thirds
of the VH→DHJH and VL→JL joints found during V(D)J
A vast repertoire of antibody specificities is somatically rearrangement may be out of reading frame and thus
generated in developing B cells in preparation for the unable to encode immunoglobulin chains. Cells with
challenge of non-self-antigens (Rajewsky, 1996). B lym- nonfunctional IgH or IgL gene rearrangements do not
phocytes generated with potentially harmful self speci- survive unless they are rescued by a subsequent func-
ficities must be removed from this repertoire in order to tional rearrangement. Even after generating a VHDHJH
open reading frame, the expressed  heavy chains may
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et al., 1998). Finally, B cells that possess self-reactive cell stage. Analysis of the BCR repertoire generated in
antigen receptors require alteration of their antigen this cell line has indicated intraclonal diversification of
specificity or else must be eliminated before their re- VH and VL genes (Wang et al., 2003). Here we describe
lease into the periphery. In order to be rescued, these studies demonstrating that this intraclonal IgH diversity
early B lineage cells must retain the capability to edit is mediated by serial VH gene replacement. This dynamic
the initially generated variable region exons (Radic and model system allowed us to dissect the molecular mech-
Zouali, 1996; Nussenzweig, 1998; King and Monroe, anism of the ongoing VH gene replacement. The informa-
2001). tion obtained in this analysis also allowed us to examine
The organization of the VL and JL gene segments within the role of VH gene replacement in generating the normal
the Ig  and  loci allows secondary rearrangement to B cell repertoire in humans.
occur by joining of an upstream VL and a downstream
JL gene segment because they are flanked by comple- Results
mentary RSS sites. The light chain gene secondary re-
arrangement is mechanistically similar to the primary Intraclonal VH Gene Diversification through Serial
rearrangement and can thus be performed as long as VH Replacement in a Human B Cell Line
the locus remains accessible and the recombination All of the IgH sequences expressed by the B cell mem-
machinery is still operative (Radic and Zouali, 1996). bers of the EU12 cell line were found to include the same
With each round of rearrangement, a new VL-JL joint is DH3-10JH4 joint but to employ different VH genes. The VH
formed and the previous VL-JL joint is deleted (Casellas genes expressed by the EU12 cells, VH3-7, VH1-8, and VH3-11,
et al., 2001; King and Monroe, 2001). In addition, a cell are clustered within the DH proximal region of the heavy
with a nonfunctional  rearrangement still has the option chain locus (Figures 1A and 1B). The prevalent IgH cDNA
to rearrange  light chain genes (Casellas et al., 2001; clones contain relatively short N region additions at their
King and Monroe, 2001). VH-DH junctions, while other clones contain longer N
Secondary rearrangement of an upstream VH to a pre- region additions (Wang et al., 2003). Inspection of the VH-
formed VHDHJH gene provides conceptual difficulties, DH junctions led to the identification of common motifs
however, because deletion of the intervening D seg- shared by the different sequences. All three groups of
ments during the primary VH to DHJH rearrangement VH sequences contain CACA and TGGACT motifs up-
leaves no 12 bp RSS to recombine with the VH, which stream of the DJH4 joint (Figure 1C), but these are associ-bears a 23 bp RSS (Nussenzweig, 1998; Nemazee and ated with different VH genes and have variable CDR3Weigert, 2000). Nevertheless, generation of functional lengths. None of these motifs matched any of the DHIgH genes in mouse pre-B cell lines with nonfunctional gene sequences and their recurrence in multiple VH-DHIgH rearrangements can proceed by VH replacement joints made them unlikely to be N nucleotides. The first
(Kleinfield et al., 1986; Reth et al., 1986; Covey et al., clue to their possible origin came from the identification
1990; Usuda et al., 1992). Comparison of the functional of a nonfunctional VH2-5D3-10JH4 rearrangement in the EU12VDJ with the original nonfunctional VDJ rearrangement cells by single-cell PCR amplification of genomic DNA.
suggests that VH replacement may be mediated through This VH2-5 rearrangement had a D3-10JH4 joint identical tothe use of cryptic RSS (cRSS) sequences located within
that observed in all of the functional IgH sequences.
the third framework region of the VH germline gene seg- The 3 end of the VH2-5 germline gene contains the CACAments (Kleinfield et al., 1986; Reth et al., 1986). The
motif, thereby suggesting this could be the origin of thebiological potential for VH replacement is supported by CACA motif common to all three groups of sequencesstudies of knockin mice. Self-reactive VDJ genes artifi-
(Figure 1C). This realization led to the recognition thatcially inserted into the JH locus can be altered by second- the CGAGAG motif in the VH1-8DJ rearrangement is identi-ary rearrangements, including VH replacement (Chen et
cal to the sequence of the 3 end of the VH3-7 gene, whileal., 1995a, 1995b, 1997). In humans, 40 out of 44 func-
the CAAAAG motif found in the VH3-11DJ rearrangementtional VH germline genes contain cRSS motifs with a
is identical to the 3 end of the VH3-9 gene (Figure 1C).heptamer (TACTGTG) but no clearly definable nonamer
These findings suggested a model of EU12 intraclonalpartner (Radic and Zouali, 1996). This cRSS motif can
diversification through serial VH replacement mediatedbe found within the 3 end of VH genes of all vertebrates
by the cRSS (TACTGTG) embedded within the 3 endsthat have been examined, including mammals, birds,
of the FR3 of VH genes (Figure 1D). Starting from a non-and cartilaginous fishes. Besides the cRSS within the
functional VH2-5D3-10JH4 rearrangement, diverse functionalthird framework region of VH germline genes, other
and nonfunctional VH genes could be generated sequen-cRSS-like motifs containing CAC sequences may be
tially in progeny cells through serial VH replacement.involved in VH gene revision (Wilson et al., 2000; Itoh et
With each round of replacement, the resulting IgH geneal., 2000; Nemazee and Weigert, 2000). However, the
would obtain a new VH coding region from an upstreammolecular mechanism of cRSS usage in RAG-mediated
VH germline gene while retaining a short stretch of nucle-recombination and the biological significance of VH re-
otides from the 3 end of the VH gene used previously.placement still need elucidation.
In keeping with this hypothesis, more than half of theThe EU12 cell line, established from a childhood acute
IgH sequences obtained from EU12 cells could be as-lymphocytic leukemia patient (Zhou et al., 1995), under-
signed as serial VH replacement products of different VHgoes continuous pro-B cell to pre-B and B cell differenti-
replacement rounds. This model also predicts that theation (Wang et al., 2003). The RAG1, RAG2, and TdT
dominant IgH cDNA clones with short N regions weregenes are expressed at the pro-B stage, but TdT expres-
likely generated during early steps of VH replacement,sion is extinguished at the pre-B cell stage, and RAG1
expression is attenuated as cells reach the immature B and the less abundant clones would have been gener-
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Figure 1. Experimental Model for Serial VH
Replacement in EU12 Cells
(A) Phenotypic analysis of EU12 cells defines
three distinct subpopulations. The differenti-
ation stages of the EU12 cells and the expres-
sion patterns for the TdT, RAG1, and RAG2
genes are illustrated. R3A cells express pre-
BCR and R3B cells express BCR.
(B) Relative genomic location of VH genes
segments rearranged in the EU12 cells.
(C) EU12 IgH sequences that may be derived
from serial VH replacement. Color-coded se-
quences indicate theoretical origins for
shared common motifs. The cRSS heptamer
is boxed.
(D) Proposed model of serial VH replacement
beginning with a nonfunctional VH2-5DJH4 re-
arrangement to generate multiple functional
IgH genes. Color-coded sequences indicate
theoretical origins for shared common motifs.
The boxes indicate the cRSS heptamers. The
red arrowheads indicate the predicted cleav-
age sites.
ated through multiple steps in the serial VH replacement somal DNA circle (Usuda et al., 1992; Radic and Zouali,
1996). To search for the expected excision circles, weprocess.
conducted two rounds of nested-primer PCR. The VH
family-specific sense primers (VH) were derived from theDetection of Double-Stranded DNA Breaks at
VH coding regions. The antisense primers (EXVH) derivedthe VH2-5 cRSS Site by Ligation-Mediated PCR
from the spacer regions of the 23 bp spacer RSS sitesTo validate the serial VH replacement model, we per-
of different VH genes are also VH family specific. We wereformed experiments that could detect the different VH
able to detect VH replacement excision circles that werereplacement intermediates predicted in the EU12 cells.
generated from VH2-5→VH3-7, VH3-7→VH1-8, and VH1-8→VH3-9As schematically illustrated in Figure 2A, each round of
replacement recombination (Figures 2C–2E). SequenceVH replacement would involve the cRSS of the VH gene
analysis of the PCR products confirmed their derivationin the preexisting VDJ rearrangement and a 23 bp spacer
from VH replacement excision circles, as they all con-RSS from an upstream VH gene segment. Beginning with
tained the sequences predicted from fusion of the cRSSthe nonfunctional VH2-5D3-10JH4 rearrangement, the serial
heptamer of the preformed VDJ joint with the heptamerVH replacement would initially involve RAG-mediated
of the 23 bp spacer RSS of the incoming VH gene (Figurescleavage at the VH2-5 cRSS. The ligation-mediated PCR
2C–2E, sequences C3, S4, and S6). Detection of the(LM-PCR) method (Schlissel et al., 1993; Roth et al.,
anticipated excision circles provided direct evidence for1993) was employed to detect the predicted RAG-medi-
the occurrence of serial VH replacement in the EU12ated double-stranded DNA breaks at the VH2-5 cRSS bor-
cells.der. Specific LM-PCR products were obtained with ge-
nomic DNA prepared from EU12 cells and not with
genomic DNA from the negative control Jurkat T cells RAG1/RAG2 Proteins Bind to the Cryptic RSS
(Figure 2B). Sequencing of the PCR products confirmed Having evidence for serial VH replacement in EU12 cells
that the synthetic linker was directly ligated to the hep- that involves cRSS sites in the VH2-5, VH1-8, VH3-7, VH3-9, and
tameric sequence of the VH2-5 cRSS site (Figure 2B, se- VH3-11 genes, we wished to confirm the participation of
quence S13), thereby demonstrating cleavage at this RAG in the cRSS-targeted recombination. Initial electro-
site in EU12 cells. phoretic mobility shift assays (EMSA) using nuclear ex-
tracts from the EU12 cells identified protein complexes
associated with the cRSS from the VH1-8 gene. The bind-Detection of VH Replacement Excision Circles
The model further predicts that following RAG-mediated ing specificity of these protein complexes was con-
firmed by competition assays employing an unlabeledcleavage at the cRSS and the 23 bp RSS, the intervening
DNA fragment would be ligated to form an extrachromo- VH1-8 cRSS probe. The unlabeled conventional 12 bp
Immunity
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Figure 2. Ongoing VH Replacement Recombination Events in EU12 Cells
(A) Schematic illustration of predicted serial VH replacements. The red arrowheads indicate the predicted cleavage sites.
(B) Detection of RAG-mediated double-stranded DNA breaks at the VH2-5 cRSS site using the ligation-mediated PCR technique. The  and 
symbols indicate the presence or absence of T4 DNA ligase in the ligation reaction. The Link1 and LinkRSS primers that were used in the LM-
PCR are indicated. Genomic DNA was prepared from either EU12 (lanes 1 and 2) or Jurkat cells (lanes 3 and 4).
(C–E) Nested primer PCR detection of the excision circles predicted for the VH2-5→VH3-7 (C), VH3-7→VH1-8 (D), and VH1-8→VH3-9 (E) replacement
events. Lane 1, EU12 cells; lane 2, Jurkat cells. All PCR products were sequenced with VH specific primers. P indicates predicted sequences,
and S13, C3, S4, and S6 indicate experimentally determined sequences.
RSS and 23 bp RSS also blocked protein/cRSS complex are representatives of the cRSS present in most VH germ-
line genes (Figure 3C).formation in a cross competition assay, suggesting that
these DNA/protein complexes contain RAG proteins The binding affinity of recombinant RAG proteins to
the VH2-5 cRSS probe was assessed by cross competition(see Supplemental Figure S1A at http://www.immunity.
com/cgi/content/full/19/1/21/DC1). When the four with increasing concentration of unlabeled VH2-5 cRSS,
12 bp RSS, 23 bp RSS probes, and a nonspecific controlprobes derived from representative VH1-8, VH2-5, VH3-7, and
VH4-4 cRSS were tested in the EMSA study, similar pro- probe (Figure 3D). Based on this analysis, the binding
affinity of the RAG proteins to the cRSS is approximatelytein/DNA complexes were observed (see Supplemental
Figure S1B). 5-fold less than that of RAG binding to the conventional
12 or 23 bp RSS.To confirm RAG protein binding to cRSS, we used
purified recombinant GST-RAG1 and GST-RAG2 core
proteins to perform in vitro binding assays. Binding to Recombinant RAG-1/RAG-2 Proteins Cleave
cRSS Sites in Vitrothe VH2-5 cRSS probe was observed to depend upon the
presence of both RAG-1 and RAG-2 (Figure 3A); neither The binding of RAG-1/RAG-2 proteins to the cRSS sug-
gests that cRSS can participate in RAG-mediated re-protein alone was able to associate with the probe. Nota-
bly, efficient binding to the cRSS probe requires the combination. To test this hypothesis, we performed in
vitro cleavage assays using recombinant RAG-1 andcoexpressed, copurified RAG-1/RAG-2 proteins, while
the mixture of independently expressed purified RAG-1 RAG-2 proteins and cRSS probes derived from the VH1-8,
VH2-5, VH3-7, and VH4-4 genes as substrates (Figures 4A andand RAG-2 proteins has very low binding activity. This
result is concordant with previous analyses of RAG pro- 4B). Nicking was observed at the heptamer ends of all
four cRSS probes with the addition of Mg2, but not withtein binding to the 12 or 23 bp spacer RSS (van Gent
et al., 1996; Eastman et al., 1996; Hiom and Gellert, 1997, Ca2. The formation of coding end hairpin structures
was also observed with all four probes when Mn2 was1998), suggesting that a similar folding status is required
for RAG-1/RAG-2 binding to all types of RSS. The addi- included in the cleavage reaction. The cleavage patterns
were virtually identical to those observed for conven-tion of a monoclonal anti-GST antibody specifically in-
duced supershifting of the RAG-1/RAG-2/cRSS com- tional 12 or 23 bp RSS substrates under the same reac-
tion conditions, except that RAGs cleave the cRSS sitesplexes as a further confirmation of the composition of
these complexes (Figure 3B). To verify the generality of less efficiently. Additional nicking was also observed for
the VH1, VH3, and VH4 cRSS probes, and the size of theRAG binding to cRSS, we used cRSS probes derived
from the VH1-8, VH2-5, VH3-7, and VH4-4 genes. Recombinant products predicts cleavage at the internal CAC sites.
For the four cRSS, RAG-mediated nicking occurred atRAG-1/RAG-2 was found to bind to all four cRSS, which
Human VH Gene Replacement
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Figure 3. RAG Proteins Bind to cRSS
(A) Sequence alignment of cRSS from the VH1-8, VH2-5, VH3-7, and VH4-4 genes. The box indicates the cRSS heptamer. The heptamer and nonamer
consensus sequences are shown in gray.
(B and C) Purified RAG-1, RAG-2 proteins associate with the VH2-5 (B) or VH1-8, VH2-5, VH3-7, and VH4-4 cRSS (C) probes. The black arrowheads
indicate the migration positions of the RAG-1/RAG-2/cRSS complex.
(D) Cross competition assays. The VH2-5 cRSS was radiolabeled and used as a probe. Unlabeled VH2-5 cRSS, 12 bp RSS, 23 bp RSS were used
at 1, 5, 25, or 50 molar excess for competition. The nonspecific probe was used at 50 molar excess for competition.
levels comparable to that seen for a canonical 12 bp Addition of VH1, VH2, and VH3 cRSS probes also enhanced
hairpin formation (Figure 4C). In a reciprocal experimentRSS. The coding end hairpin structure formation was
found to be more efficient for VH1 and VH3 cRSS, which with radiolabeled 23 bp RSS substrate, the addition of 12
bp RSS, but not the control oligonucleotide, enhancedoccurred at approximately 50% and 30%, respectively,
of the level observed with a 12 bp RSS (see Supplemen- hairpin formation. Once again, the addition of VH1, VH2,
VH3, and VH4 cRSS probes enhanced hairpin formationtal Figure S2). These results indicate that the cRSS are
universally functional in the RAG-mediated in vitro cleav- (Figure 4D). These results suggest a relaxation of 12/
23 restricted recombination when the cRSS are used,age reaction.
thereby permitting recombination of cRSS with either
23 or 12 bp RSS.Coupled Cleavage Reaction between cRSS
and the 12 or 23 bp Spacer RSS
The specific recombination of VH→DH or DH→JH is gov- Evidence of Ongoing VH Replacement
in Human Bone Marrow B Cellserned by the 12/23 rule, which relies on the different
lengths of the RSS spacer regions. The 12/23 restricted The analysis of ongoing VH replacement in the EU12
cell line suggested a strategy to determine whether VHrecombination specificity choice is reflected in a cou-
pled cleavage reaction in vitro, wherein the addition of replacement is a normal feature of B cell development.
Ligation-mediated PCR was used to detect double-unlabeled 12 bp RSS probes can enhance the coding
end hairpin structure formation of the labeled 23 bp RSS stranded DNA breaks at the cRSS sites of VH genes at
different stages during B lineage differentiation in theprobes and vice versa (McBlane et al., 1995; van Gent
et al., 1996; Eastman et al., 1996; Hiom and Gellert, 1997, bone marrow. In these experiments, the B lineage cells
were separated into pro-B, pre-B, immature B, naive B,1998). To evaluate the cRSS recombination specificity
choice, we conducted coupled cleavage reactions using and memory B cell subpopulations; non-B lineage cells
(CD19) served as a negative control (Figure 5A). Aradiolabeled 12 bp RSS or 23 bp RSS as substrates with
the addition of unlabeled 12 bp RSS, 23 bp RSS, a strong LM-PCR signal was detected with a VH3-specific
probe in the immature B cell subpopulation but was notnonspecific oligonucleotide, or the four different cRSS
as secondary oligonucleotides. With the 12 bp RSS sub- seen at other stages in B lineage differentiation or in
non-B lineage cells (Figure 5B). Sequence analysis ofstrate, enhanced hairpin formation was observed by ad-
dition of the 23 bp RSS, but not the nonspecific control. the LM-PCR products confirmed the participation of
Immunity
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Figure 4. RAG Proteins Cleave cRSS In Vitro
(A) Diagram of the in vitro cleavage assay
indicating the experimental substrates and
the cleavage products. The star indicates the
[32P]-dCTP labeling position.
(B) Recombinant RAG-1/2 mediated cleavage
of the 12 bp RSS and the cRSS from the VH1-8,
VH2-5, VH3-7, and VH4-4 genes in the presence of
different divalent cations. U indicates uncut
substrate, N indicates nicking product, and
H indicates hairpin structure.
(C and D) Specific recombination of cRSS
with 12 bp or 23 bp RSS. The coupled cleav-
age reaction was performed using the 12 bp
RSS (C) or 23 bp RSS (D) as substrates, with
the addition of 12 bp RSS, 23 bp RSS, non-
specific control probe, or the four cRSS de-
rived from VH1-8, VH2-5, VH3-7, or VH4-4 gene.
VH3-43 and VH3-66 genes in this step of the VH replacement the diversification of the primary B cell repertoire. In a
search for VH replacement products, we analyzed humanprocess (Figure 5C). Using VH1 or VH4 family-specific
primers, LM-PCR products were also detected in the IgH gene V-D joint sequences for “footprints” of formerly
used VH genes in the form of pentameric nucleotidesimmature B cell population of bone marrow samples
from other individuals (data not shown). This analysis that match the 3 end of germline VH genes. Among the
343 functional IgH sequences (Zemlin et al., 2001) thatsuggests the occurrence of VH replacement at the imma-
ture B cell stage in normal human bone marrow. were analyzed, 16 (5%) contained at least one pentam-
eric footprint at the V-D junction region that matched
another VH germline gene and thus could be designatedEvidence of VH Replacement in Natural IgH Sequences
The demonstration that serial VH replacement diversified as a potential VH replacement product (Figures 6A and
6B). One of the potential VH replacement products,the repertoire in the EU12 cells together with the evi-
dence of VH replacement in immature B cells in the bone C18a16, contains two such pentamers and could have
been generated by two rounds of serial VH replacement.marrow suggest that VH replacement may contribute to
Figure 5. Ligation-Mediated PCR (LM-PCR)
Analysis of Double-Stranded DNA Breaks at
the cRSS Sites in Bone Marrow Subpopula-
tions of B Lineage Cells
(A) Purification of control and B cell subpopu-
lations by FACS.
(B) Detection of double-stranded DNA breaks
at the VH3 cRSS site. The DNA blot of second
round VH3 cRSS LM-PCR products is hybrid-
ized with a VH3 cRSS-specific probe. Lane
numbers correspond to the gated cell frac-
tions indicated in (A). The CD19 promoter re-
gion was amplified by PCR as a control for
DNA input.
(C) Sequence analysis of the LM-PCR prod-
ucts confirms the occurrence of double-
stranded DNA breaks at the VH3 cRSS sites.
The boxes indicate cRSS heptamers. Linker
primer sequences are underlined.
Human VH Gene Replacement
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Figure 6. Identification of Potential VH Replacement Products in Normal Human IgH Sequences
(A) Potential VH replacement products identified in normal IgH sequences. The listed sequences are from the first codon of the CDR3 region
to the end of the DH gene segments. JH gene usage is indicated without showing the sequences. The nucleotides highlighted in red within
the VH-DH joints indicate a match with 3 end sequences of other VH germline genes. The underlined region in sequence c18a16 may represent
the footprint of an additional VH replacement event.
(B) Distribution of VH replacement participants in the germline VH gene locus. The diagram of the human IgH genomic locus is based on the
IMGT database and includes the functional VH genes.
Using the same analysis stringency to examine the D-J genes spanning the locus. Consistent with the fact that
40 of the 44 human germline VH genes contain cRSSjunction region sequences, which would not be ex-
pected to contain VH replacement footprints, only two sites (Radic and Zouali, 1996), our data thus suggest that
virtually the entire spectrum of cRSS could participate insequences were found to contain a pentamer that
matched a VH germline gene. The significantly higher RAG-mediated VH replacement. This analysis also sug-
gests that VH germline genes that do not contain a cRSS,frequency of perfectly matched VH pentamers found in
the V-D junctions versus D-J junctions (p  0.009) sup- such as VH3-15, may serve as donors for VH replacement.
Of the 16 potential VH replacement products, 12 couldports the validity of this VH replacement search strategy.
Two types of VH replacement events were suggested by be generated using upstream VH genes to replace re-
arranged downstream VH genes, while 4 appear not toanalysis of potential VH replacement products. Among
the 16 potential VH replacement products, 41% could follow this order. The latter VH replacements could reflect
inversion or transrecombination events, but more defini-have been generated through converting previously
nonfunctional rearrangements into functional ones, tive interpretation of these results will require better
resolution of the polymorphic complexity of the humanwhile 59% were more likely generated by replacing one
functional VDJ joint with another one. VH locus.
In this analysis, the donors for VH replacement can
be identified with certainty, since the entire VH gene The Footprints of VH Replacement Contribute Highly
Charged Amino Acids to the IgH CDR3 Regionsegment is present in the resulting IgH sequence. The
recipients of VH replacement contain sequence rem- During each round of VH replacement in the EU12 cell
line, the entire VH coding region is replaced by a newnants that may be found in multiple VH germline genes.
Therefore, the putative recipients were assigned as the germline VH gene, except for a short stretch of 3 nucleo-
tides that is left behind as a footprint within the newlyclosest 3 germline VH gene segment which could pro-
vide the footprint of VH replacement. The candidate VH formed IgH CDR3 region. Analysis of the amino acid
sequences of the VH replacement products in the leuke-replacement donors and recipients, plotted on the hu-
man VH gene locus map (Figure 6B), include VH germline mic EU12 cells and normal B cells in humans yielded
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Figure 7. VH Replacement Introduces Charged
Amino Acids into the IgH CDR3 Region
(A) Amino acid sequence analysis of identified
VH replacement products (Figures 1 and 6).
Amino acids contributed by VH replacement
are underlined and charged amino acids are
shown in red.
(B) Diagram shows an example of the amino
acids encoded by the 3 end of VH germline
genes in all three reading frames. The se-
quence is representative of almost half of all
VH germline genes. The red box indicates the
potential VH replacement footprint region.
(C) Comparison of the frequency of charged
amino acids encoded by the potential VH re-
placement footprint regions (3 ends of all VH
germline genes) or by all DH germline genes.
(D) Comparison of the frequency of charged
amino acids within the V-D junction of VH re-
placement products, the V-D junction of non-
VH replacement products, and the D-J junc-
tions of the normal IgH sequences.
the remarkable finding that 18 of the 19 VH replacement of the VH replacement mechanism and assessment of
its contribution to the preimmune repertoire began withfootprints encode highly charged amino acids (Figure
7A). An analysis of the amino acids sequences at the 3 the analysis of IgH sequences derived from the EU12
human B lineage cell line, which undergoes in vitro differ-ends of all VH germline genes that may be used as VH
replacement footprint donors indicates that 80% of the entiation from the pro-B to B cell stage (Wang et al.,
2003). The repetitive occurrence of 6 nucleotidepotential codons would yield highly charged amino
acids (Figure 7B). In striking contrast, only 10% of the stretches within the V-D junction of IgH sequences from
EU12 cells provided the first hint of a serial VH replace-amino acids encoded by germline DH genes are charged
amino acids (Figure 7C). When the frequency of arginine, ment process. Following this lead, direct evidence for
ongoing RAG-mediated serial VH replacement was ob-aspartic acid, and glutamic acid in the V-D junction of
VH replacement products, the V-D junction of non-VH tained initially in the clonal EU12 cells and then in pri-
mary B lineage cells. Moreover, evaluation of a largereplacement IgH genes, and the D-J joints were com-
pared, the frequency of these amino acids is significantly IgH sequence database indicated that VH replacement
contributes significantly to the primary B cell repertoirehigher in the VH replacement products (Figure 7D). The
addition of charged amino acids to the IgH CDR3 region in humans. It is noteworthy that the strategy used to
search for residual footprints within the V-D junctionthus appears to be a prominent feature of the VH gene
replacement process. could be applied to human IgH sequences because most
human VH germline genes contain 6–7 nucleotides
downstream of the conserved cRSS. This strategy isDiscussion
unfeasible in mice, wherein most VH germline genes con-
tain fewer than 5 nucleotides after the cRSS.The concept of VH replacement was originally suggested
by analysis of IgH genes expressed by murine pre-B
cell lines in which some of the cells spontaneously con- VH Replacement Occurs through cRSS-Directed
Recombinationverted from a  heavy chain negative to a  positive
phenotype (Kleinfield et al., 1986; Reth et al., 1986). The Detection of double-stranded DNA breaks at the hep-
tamer and identification of the expected excision circlesidentification of a cryptic RSS heptamer within the third
framework region of most germline VH genes suggested suggested that VH replacement occurs through RAG-
mediated recombination. In vitro studies using purifiedthat this could potentially serve as a recombinase target
for the VH replacement reaction (Kleinfield et al., 1986; recombinant RAG-1/RAG-2 proteins provided evidence
that RAG complexes are able to bind and cleave theReth et al., 1986; Covey et al., 1990). The present studies
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cRSS sites found in most VH genes. The reasonably Contribution of VH Replacement
to the Human B Cell Repertoireefficient binding and cleavage of the cRSS by RAG com-
plexes offer a molecular explanation for participation of Beginning with a nonfunctional VHDHJH joint, continuous
serial VH replacement diversifies the VH repertoire in thethe cRSS in RAG-mediated recombination. The in vitro
relaxation of the specificity of RAG-mediated recombi- EU12 cells. The serial VH replacement not only rescues
pro-B cells carrying a nonfunctional VHDHJH but also gen-nation is a well-recognized phenomenon, since a single
heptamer motif or even a highly degenerative CAC motif erates intraclonal diversity. Importantly, with each round
of VH replacement, the resulting IgH gene renews thecan be cleaved by RAG (Ramsden et al., 1996; Kim and
Oettinger, 1998; Swanson and Desiderio, 1999; Ragha- entire VH coding region except for a short stretch of 3
nucleotides from the replaced VH gene that is retainedvan et al., 2001). Our composite results extend these in
vitro observations to provide a molecular explanation for in the VH-DH join. This residual sequence serves as a
diagnostic marker that can be used to search for poten-efficient VH replacement mediated by cRSS containing a
heptamer but no clearly identifiable nonamer. tial VH replacement products in primary B cells. Through
an analysis of IgH gene sequences derived from normalThe specificity of primary V(D)J recombination is safe-
guarded by the 12/23 rule, as RSS with a 12 bp spacer individuals of different ages, we could identify potential
VH replacement products in approximately 5% of ana-can efficiently recombine only with a 23 bp spacer RSS
and vice versa (Tonegawa, 1983; Lewis, 1994). This 12/ lyzed sequences using a stringency setting of 5 nucleo-
tide matches with no mismatch. With a less stringent23 restricted recombination substrate choice is recapit-
ulated in a coupled in vitro cleavage assay, in which the setting, allowing 1 mismatch among 6 conserved nucle-
otides, we could identify potential VH replacement prod-addition of a matched secondary probe (12 bp RSS for
23 bp RSS, or vice versa) enhances the coding end ucts in approximately 12% of analyzed sequences (data
not shown). While this figure represents a very signifi-hairpin structure formation during the RAG-mediated
cleavage (Eastman et al., 1996; van Gent et al., 1996; cant contribution to the repertoire, the actual frequency
of VH replacement is likely to be even higher, given thatHiom and Gellert, 1998). Interestingly, when cRSS
probes are used in the in vitro coupled cleavage analy- a third of the functional VH germline gene alleles have
less than 6 nucleotides downstream of the cRSS motif.sis, they enhance the hairpin structure formation of ei-
ther 12 bp RSS or 23 bp RSS substrates. The cRSS The VH 3 end sequences that we depended upon for
assignment of the potential VH replacement product mayhave no definable nonamer and thus no specified spacer
length, which may exempt them from the 12/23 re- also be nibbled on either end by exonuclease activity
during coding joint formation or mutated by somaticstriction.
hypermutation. Using the perfect pentamer criterion, we
identified a single instance in which the sequence mayCatching B Cells in the Act of VH Replacement
reflect two rounds of VH replacement. This suggests thatDetection of double-stranded DNA breaks at the cRSS
multiple rounds of VH replacement may either be rare insites of the VH germline genes in the leukemic EU12
primary B cells or their footprints are obscured throughcells and normal bone marrow B cells provides direct
subsequent changes in the VH region. With regard toevidence for the occurrence of VH replacement. The en-
the frequency of VH replacement, with even the mostrichment of cRSS double-stranded DNA breaks at the
conservative interpretation of the data we estimate atimmature B cell stage is also consonant with previous
least 1 in 20 B cells undergoes VH replacement.studies in mice that show inducible expression of RAG
genes and editing of the immunoglobulin light chain
genes in immature B cells (Casellas et al., 2001; King Biological Consequences of VH Gene Replacement
The ability to replace VH genes that are dysfunctional orand Monroe, 2001). The evidence for both VH replace-
ment and secondary light chain gene rearrangement at highly self-reactive would be the most obvious biologi-
cal advantage of the VH replacement process. The para-the immature B cell stage therefore suggests that this
is the differentiation stage at which editing of antigen doxical finding that VH replacement preferentially adds
charged amino acids to the CDR3 region was thereforereceptors occurs in humans. In mice carrying knockin
self-reactive IgH VDJ regions, VH replacement is em- surprising. Yet, this is a consistent feature of VH gene
replacement in that the 3 ends of all human and mouseployed to delete a highly self-reactive IgH gene, presum-
ably as a consequence of self-antigen encounter (Chen VH germline genes encode primarily charged amino
acids irrespective of their reading frame. This appearset al., 1995b). VH replacement could also occur in pro-B
cells carrying nonfunctional IgH genes. This type of re- to be a unique contribution to the IgH CDR3 region since
charged amino acids are rarely encoded by human orplacement is the initial replacement event in the EU12
cells and also is thought to occur in murine progenitor mouse germline DH genes or by N region sequences at
the D-J joints. The biological significance of addingB cell lines (Kleinfield et al., 1986). Theoretically, VH re-
placement could also occur in pre-B cells producing these charged amino acids to the CDR3 region is pres-
ently uncertain. Charged amino acids within the CDR3IgH chains that do not pair well with the surrogate light
chain. However, under the conditions employed in our region has been identified as a hallmark of autoreactive
antibodies. In particular, arginine is found frequentlystudies, LM-PCR signals from double-stranded DNA
breaks were not detected at cRSS sites in primary pro-B within the IgH CDR3 regions of anti-DNA antibodies
(Radic et al., 1993) and almost one-third of the potentialor pre-B cells, perhaps because of the infrequency of
VH replacement at these early differentiation stages or codons derived from the footprints of VH replacements
contribute an arginine residue. Whether VH replacementbecause the double-stranded DNA breaks are quickly
repaired in cells undergoing extensive proliferation. contributes to the generation of self-reactive antibodies
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age reaction was stopped by the addition of an equal volume ofremains to be determined. An alternative possibility is
loading buffer containing 99% formamide and 10 mM EDTA. Sam-that these charged amino acids in the CDR3 region con-
ples were heated for 10 min at 95	C and separated at 4	C on 20%tribute to low-affinity self-reactivity that would promote
sequencing gels containing 8 M urea. Gels were briefly fixed in
clonal survival rather than harmful consequences. 30% acetic acid/10% methanol, rinsed with distilled H2O, dried, and
exposed to X-ray film at 70	C.
Experimental Procedures
Purification of Bone Marrow B Cell Subsets
Cell Culture
Human bone marrow mononuclear cells were prepared as described
EU12 cells grown under standard tissue culture conditions were
elsewhere (Nunez et al., 1996). The B cell subsets were purified by
routinely monitored for surface CD34 and HC expression by FACS
FACS using the following phenotypic markers: pro B cells
(Wang et al., 2003).
(CD19CD34HC), pre B cells (CD19CD34HC), immature B
cells (HC
HCCD24high), naive B cells (HC
HCCD24high), and
Ligation-Mediated PCR
memory B cells (HCCD24low) (Nunez et al., 1996).
Ligation-mediated PCR (LM-PCR) employed a modified procedure
used to detect double-stranded DNA breaks at conventional RSS
Sequence Analysis of IgH Genessites (Schlissel et al., 1993). In brief, genomic DNA (1 g) was ligated
From 413 IgH sequences with unique CDR3 (Zemlin et al., 2001)to 20 pmol of reannealed double-stranded linker (Schlissel et al.,
(GenBank accession numbers AF235505–235921), 343 sequences1993), and double-stranded DNA breaks were detected with two
containing an unambiguously identifiable DH gene segment wererounds of nested PCR. For the first round, 10 l of the ligation
analyzed to identify potential VH replacement products. In brief, thereaction was used as template and amplified with sense primer VH2
IgH V-D joint regions were analyzed for pentameric motifs, whichtogether with an antisense primer Linker1. For the second round
are identical to the 3 end of other VH germline genes (see Supple-PCR, 2 l of the first round PCR reactions was used as template
mental Data at http://www.immunity.com/cgi/content/full/19/1/21/and amplified with an internal VH2n sense primer and the LinkRSS
DC1). For the potential VH replacement product, the existing VH germ-antisense primer. Second round PCR products (10 l) were sepa-
line gene was assigned as the VH replacement donor. The VH replace-rated on 1% agarose gels and visualized with EtBr staining. Gel-
ment recipients were predicted based on the possible origin of thepurified PCR products (QiaExII, Qiagen) were directly sequenced
pentamers found in the V-D joint regions. The identification of theusing the VH2-5 internal primer. For detection of double-stranded DNA
functional or nonfunctional rearrangement status of the previousbreaks at the VH cRSS from human bone marrow cells, the conditions
VDJ joints was based upon the reading frame of the identified pen-were similar except that the LinkRSS primer was used in the first
tamers within the V-D joint regions.round PCR and LinkRSS or LinkcRSS was used in the second round
PCR to increase the reaction stringency. Second round LM-PCR
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Electrophoretic Mobility Shift and In Vitro Cleavage Assays
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RAG-1, and RAG-2 core proteins were purified as described else- Bassing, C.H., Swat, W., and Alt, F.W. (2002). The mechanism and
where (Eastman et al., 1996; Hiom and Gellert, 1998; Huye and regulation of chromosomal V(D)J recombination. Cell 109, S45–S55.
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functions of the RAG proteins. Curr. Opin. Immunol. 14, 224–229.buffer as described (Hiom and Gellert, 1997). For supershift assays,
Burrows, P.D., and Cooper, M.D. (1997). B cell development and0.2 g of monoclonal anti-GST antibody (Sigma) or mouse IgG was
differentiation. Curr. Opin. Immunol. 9, 239–244.added into the binding reaction prior to the addition of radiolabeled
probes and incubated for 30 min at 4	C. The binding reactions were Burrows, P., LeJeune, M., and Kearney, J.F. (1979). Evidence that
resolved on 5% native PAGE gels with 1 TBE at 4	C. Dried gels murine pre-B cells synthesise mu heavy chains but no light chains.
were exposed to X-ray films at 70	C for different time intervals. Nature 280, 838–840.
The in vitro cleavage was performed in cleavage buffer (Hiom and
Casellas, R., Shih, T.A., Kleinewietfeld, M., Rakonjac, J., Nemazee,
Gellert, 1997) containing 20% DMSO and supplemented with Ca2
D., Rajewsky, K., and Nussenzweig, M.C. (2001). Contribution of
(5 mM), Mg2 (5 mM), or Mn2 (1 mM). For coupled cleavage, the
receptor editing to the antibody repertoire. Science 291, 1541–1544.
secondary oligonucleotides were used at 5-fold molar excess for
Chen, C., Nagy, Z., Prak, E.L., and Weigert, M. (1995a). Immunoglob-12 bp RSS or 23 bp RSS and 20-fold molar excess for all the cRSS.
ulin heavy chain gene replacement: a mechanism of receptor editing.Cleavage was performed as follows: after 10 min incubation of radio-
Immunity 3, 747–755.labeled probes (20 fmolar), RAG1 (100 ng), RAG2 (100 ng), HMG-1
(20 ng), and secondary oligonucleotides in binding reaction buffer Chen, C., Nagy, Z., Radic, M.Z., Hardy, R.R., Huszar, D., Camper,
S.A., and Weigert, M. (1995b). The site and stage of anti-DNA B-cellcontaining 5 mM of Ca2 at 37	C, cleavage was initiated with the
addition of 5 mM Mg2 and continued for 90 min at 37	C. The cleav- deletion. Nature 373, 252–255.
Human VH Gene Replacement
31
Chen, C., Prak, E.L., and Weigert, M. (1997). Editing disease-associ- Weigert, M. (1993). Residues that mediate DNA binding of autoim-
mune antibodies. J. Immunol. 150, 4966–4977.ated autoantibodies. Immunity 6, 97–105.
Raghavan, S.C., Kirsch, I.R., and Lieber, M.R. (2001). Analysis of theCovey, L.R., Ferrier, P., and Alt, F.W. (1990). VH to VHDJH re-
V(D)J recombination efficiency at lymphoid chromosomal transloca-arrangement is mediated by the internal VH heptamer. Int. Immunol.
tion breakpoints. J. Biol. Chem. 276, 29126–29133.2, 579–583.
Rajewsky, K. (1996). Clonal selection and learning in the antibodyDifilippantonio, M.J., McMahan, C.J., Eastman, Q.M., Spanopoulou,
system. Nature 381, 751–758.E., and Schatz, D.G. (1996). RAG1 mediates signal sequence recog-
nition and recruitment of RAG2 in V(D)J recombination. Cell 87, Ramsden, D.A., McBlane, J.F., van Gent, D., and Gellert, M. (1996).
253–262. Distinct DNA sequence and structure requirements for the two steps
of V(D)J recombination signal cleavage. EMBO J. 15, 3197–3206.Eastman, Q.M., Leu, T.M., and Schatz, D.G. (1996). Initiation of V(D)J
Reth, M., Gehrmann, P., Petrac, E., and Wiese, P. (1986). A novelrecombination in vitro obeying the 12/23 rule. Nature 380, 85–88.
VH to VHDJH joining mechanism in heavy-chain-negative (null) pre-BGellert, M. (2002). V(D)J recombination: RAG proteins, repair factors,
cells results in heavy-chain production. Nature 322, 840–842.and regulation. Annu. Rev. Biochem. 71, 101–132.
Roth, D.B., Zhu, C., and Gellert, M. (1993). Characterization of brokenGoodnow, C.C., Cyster, J.G., Hartley, S.B., Bell, S.E., Cooke, M.P.,
DNA molecules associated with V(D)J recombination. Proc. Natl.Healy, J.I., Akkaraju, S., Rathmell, J.C., Pogue, S.L., and Shokat,
Acad. Sci. USA 90, 10788–10792.K.P. (1995). Self-tolerance checkpoints in B lymphocyte develop-
Schatz, D.G., and Baltimore, D. (1988). Stable expression of immuno-ment. Adv. Immunol. 14, 279–368.
globulin gene V(D)J recombinase activity by gene transfer into 3T3
Hikida, M., and Ohmori, H. (1998). Rearrangement of lambda light
fibroblasts. Cell 53, 107–115.
chain genes in mature B cells in vitro and in vivo. Function of reex-
Schatz, D.G., Oettinger, M.A., and Baltimore, D. (1989). The V(D)Jpressed recombination-activating gene (RAG) products. J. Exp.
recombination activating gene, RAG-1. Cell 59, 1035–1048.Med. 187, 795–799.
Schlissel, M., Constantinescu, A., Morrow, T., Baxter, M., and Peng,Hiom, K., and Gellert, M. (1997). A stable RAG1-RAG2-DNA complex
A. (1993). Double-strand signal sequence breaks in V(D)J recombi-that is active in V(D)J cleavage. Cell 88, 65–72.
nation are blunt, 5-phosphorylated, RAG-dependent, and cell cycle
Hiom, K., and Gellert, M. (1998). Assembly of a 12/23 paired signal regulated. Genes Dev. 7, 2520–2532.
complex: a critical control point in V(D)J recombination. Mol. Cell
Steen, S.B., Gomelsky, L., Speidel, S.L., and Roth, D.B. (1997). Initia-1, 1011–1019.
tion of V(D)J recombination in vivo: role of recombination signal
Huye, L.E., and Roth, D.B. (2000). Differential requirements for cis sequences in formation of single and paired double-strand breaks.
and trans V(D)J cleavage: effects of substrate length. Nucleic Acids EMBO J. 16, 2656–2664.
Res. 28, 4903–4911.
Swanson, P.C., and Desiderio, S. (1998). V(D)J recombination signal
Itoh, K., Meffre, E., Albesiano, E., Farber, A., Dines, D., Stein, P., recognition: distinct, overlapping DNA-protein contacts in com-
Asnis, S.E., Furie, R.A., Jain, R.I., and Chiorazzi, N. (2000). Immuno- plexes containing RAG1 with and without RAG2. Immunity 9,
globulin heavy chain variable region gene replacement as a mecha- 115–125.
nism for receptor revision in rheumatoid arthritis synovial tissue B Swanson, P.C., and Desiderio, S. (1999). RAG-2 promotes heptamer
lymphocytes. J. Exp. Med. 192, 1151–1164. occupancy by RAG-1 in the assembly of a V(D)J initiation complex.
Kim, D.R., and Oettinger, M.A. (1998). Functional analysis of coordi- Mol. Cell. Biol. 19, 3674–3683.
nated cleavage in V(D)J recombination. Mol. Cell. Biol. 18, 4679– ten Boekel, E., Melchers, F., and Rolink, A.G. (1998). Precursor B
4688. cells showing H chain allelic inclusion display allelic exclusion at
King, L.B., and Monroe, J.G. (2001). Immunology. B cell receptor the level of pre-B cell receptor surface expression. Immunity 8,
rehabilitation—pausing to reflect. Science 291, 1503–1505. 199–207.
Tonegawa, S. (1983). Somatic generation of antibody diversity. Na-Kleinfield, R., Hardy, R.R., Tarlinton, D., Dangl, J., Herzenberg, L.A.,
ture 302, 575–581.and Weigert, M. (1986). Recombination between an expressed im-
munoglobulin heavy-chain gene and a germline variable gene seg- Usuda, S., Takemori, T., Matsuoka, M., Shirasawa, T., Yoshida, K.,
ment in a Ly 1 B-cell lymphoma. Nature 322, 843–846. Mori, A., Ishizaka, K., and Sakano, H. (1992). Immunoglobulin V
gene replacement is caused by the intramolecular DNA deletionLewis, S.M. (1994). The mechanism of V(D)J joining: lessons from
mechanism. EMBO J. 11, 611–618.molecular, immunological, and comparative analyses. Adv. Immu-
nol. 27–150. van Gent, D., Ramsden, D.A., and Gellert, M. (1996). The RAG1 and
RAG2 proteins establish the 12/23 rule in V(D)J recombination. CellMa, Y., Pannicke, U., Schwarz, K., and Lieber, M.R. (2002). Hairpin
85, 107–113.opening and overhang processing by an Artemis/DNA-dependent
protein kinase complex in nonhomologous end joining and V(D)J Wang, Y.H., Zhang, Z., Burrows, P.D., Kubagawa, H., Bridges, S.L.,
recombination. Cell 108, 781–794. Jr., Findley, H.W., and Cooper, M.D. (2003). V(D)J recombinatorial
repertoire diversification during intraclonal pro-B to B-cell differenti-McBlane, J.F., van Gent, D., Ramsden, D.A., Romeo, C., Cuomo,
ation. Blood 101, 1030–1037.C.A., Gellert, M., and Oettinger, M.A. (1995). Cleavage at a V(D)J
Wilson, P.C., Wilson, K., Liu, Y.J., Banchereau, J., Pascual, V., andrecombination signal requires only RAG1 and RAG2 proteins and
Capra, J.D. (2000). Receptor revision of immunoglobulin heavy chainoccurs in two steps. Cell 83, 387–395.
variable region genes in normal human B lymphocytes. J. Exp. Med.Nemazee, D., and Weigert, M. (2000). Revising B cell receptors. J.
191, 1881–1894.Exp. Med. 191, 1813–1817.
Zemlin, M., Bauer, K., Hummel, M., Pfeiffer, S., Devers, S., Zemlin,Nunez, C., Nishimoto, N., Gartland, G.L., Billips, L.G., Burrows, P.D.,
C., Stein, H., and Versmold, H.T. (2001). The diversity of rearrangedKubagawa, H., and Cooper, M.D. (1996). B cells are generated
immunoglobulin heavy chain variable region genes in peripheralthroughout life in humans. J. Immunol. 156, 866–872.
blood B cells of preterm infants is restricted by short third comple-
Nussenzweig, M.C. (1998). Immune receptor editing: revise and se- mentarity-determining regions but not by limited gene segment us-
lect. Cell 95, 875–878. age. Blood 97, 1511–1513.
Oettinger, M.A., Schatz, D.G., Gorka, C., and Baltimore, D. (1990). Zhou, M., Yeager, A.M., Smith, S.D., and Findley, H.W. (1995). Over-
RAG-1 and RAG-2, adjacent genes that synergistically activate V(D)J expression of the MDM2 gene by childhood acute lymphoblastic
recombination. Science 248, 1517–1523. leukemia cells expressing the wild-type p53 gene. Blood 85, 1608–
1614.Radic, M., and Zouali, M. (1996). Receptor editing, immune diversifi-
cation and self-tolerance. Immunity 5, 505–511.
Radic, M.Z., Mackle, J., Erikson, J., Mol, C., Anderson, W.F., and
